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Potential environmental impacts of engineered nanoparticles (ENPs) can be understood taking into
consideration phytotoxicity. We reported on the effects of ionic (FeCl3), micro- and nano-sized zerovalent
iron (nZVI) about the development of three macrophytes: Lepidium sativum, Sinapis alba and Sorghum
saccharatum. Four toxicity indicators (seed germination, seedling elongation, germination index and
biomass) were assessed following exposure to each iron concentration interval: 1.29–1570 mg/L (FeCl3),
1.71–10.78 mg/L (micro-sized iron) and 4.81–33,560 mg/L (nano-iron). Exposure effects were also ob-
served by optical and transmission electron microscopy. Results showed that no significant phytotoxicity
effects could be detected for both micro- and nano-sized zerovalent irons, including field nanor-
emediation concentrations. Biostimulation effects such as an increased seedling length and biomass
production were detected at the highest exposure concentrations. Ionic iron showed slight toxicity ef-
fects only at 1570 mg/L and, therefore, no median effect concentrations were determined. By microscopy,
ENPs were not found in palisade cells or xylem. Apparently, aggregates of nZVI were found inside S. alba
and S. saccharatum, although false positives during sample preparation cannot be excluded. Macro-
scopically, black spots and coatings were detected on roots of all species especially at the most con-
centrated treatments.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

Engineered nanomaterials (ENMs) are highly preferred for a
broad spectrum of applications due to their unique properties.
Engineered nanoparticles (ENPs) have a promising use in many
areas including catalysis, optics, biology, agriculture, and micro-
electronics (Wu et al., 2012; Libralato et al., 2013; Corsi et al., 2014;
Libralato, 2014; Minetto et al., 2014). Further applications are
currently focused on environmental remediation due to their
likely performance in contamination removal and toxicity miti-
gation (Gavaskar et al., 2005; Tratnyek and Johnson, 2006). Iron-
based ENPs stimulated research for engineering applications
especially for treating polluted water and groundwater (Tang and
Lo, 2013) including both inorganics and organics (Crane and Scott,
mental Sciences, Informatics
ella Celestia, 2737/b, I-30122

ralato).
2014; Mar Gil-Díaz et al., 2014; Zeino et al., 2014). Their impact is
still highly empirical and limited to nanoparticles' elemental
composition, size and stability showing both positive and negative
effects. The high reactivity of iron-based ENPs, and in particular of
nano-zerovalent iron (nZVI), in association with their high specific
surface area made them suitable to immobilise and degrade con-
taminants in soils (Chang et al., 2007; Machado et al., 2013). Thus,
the use of nZVI for soil clean-up purposes could pose potential
hazards for macrophytes and soil organisms (Ma X. et al., 2010; Ma
Y. et al. 2010). In all ecosystems, plants are the basic component
playing a crucial role in the fate and transport of ENPs in the en-
vironment through plant uptake and bioaccumulation (Monica
and Cremonini, 2009).

Although in remediation activities, terrestrial macrophytes
could be directly exposed and potentially affected by nZVI, effect
data are still scarce despite the current use of this technique (Li
et al., 2015). Zhu et al. (2008) found that Cucurbita maxima grown
in an aqueous medium absorbed, translocated and accumulated
Fe3O4 ENPs, but this event did not occur with Phaseolus limensis
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under the same testing conditions. This suggested that the biolo-
gical effect could be species-dependent. Lee et al. (2010) showed
that Fe3O4 ENPs in Arabidopsis thaliana did not significantly affect
seed germination and the number of produced leaves, while the
root elongation was negatively influenced at all exposure con-
centrations (400, 2000, and 4000 mg Fe3O4/L). Kim et al. (2014,
2015) investigated the effect of nZVI on A. thaliana root elongation
showing an enhanced growth by 150–200% at 0.5 g/L compared to
the blank. Further studies on A. thaliana evidenced that nZVI
triggered high plasma membrane Hþ-ATPase activity resulting in a
5-fold higher stomatal opening than in unexposed plants (Kim
et al., 2015). Mushtaq (2011) observed that concentrations of Fe3O4

ENPs within 100–5000 mg/L were able to significantly reduce
Cucumis sativus root development compared to controls suggest-
ing the presence of stressing conditions. Phytotoxic effects of
Fe3O4 ENPs were assessed in lettuce (Lactuca sativa), radish (Ra-
phanus sativus) and cucumber (C. sativus) (Wu et al., 2012) evi-
dencing median effective concentrations (EC50) of more than
5000 mg/L for lettuce and radish, and of 1682 mg/L for cucumber,
respectively. For all species, the germination index was sig-
nificantly different from standard conditions showing seedling
inhibition effects. Seeds of Linum usitatissimum, Lolium perenne
and Hordeum vulgare were used to investigate the potential in-
hibition effects of nZVI (El-Temsah and Joner, 2012). Concentration
of 2 and 5 g/L of nZVI completely inhibited seed germination,
while no detrimental effects on plants were observed at
concentrations o250 mg/L. Pereira et al. (2013) observed changes
in root and shoot lengths, number of lateral roots, photosynthetic
pigments, and internal CO2 concentration in four rice cultivars
when nano-iron exposure in the growth medium increased from
4 to 9 mM. Similarly, other authors found differences in plant
growth, nutrient uptake, and lateral roots morphology in Ipomoea
pescaprae and Canavalia rosea when exposed to bulk FeSO4 (Si-
queira-Silva et al., 2012). Ma et al. (2013) showed that con-
centrations higher than 200 mg/L of nZVI reduced plant growth
and biomass in Typha latifolia and hybrid poplar (Populous del-
toids� Populous nigra). Trujillo-Reyes et al. (2014) investigated the
effects of Fe3O4 ENPs in L. sativa. No physiological change was
detected compared to negative controls. Iron ions or ENPs (10 and
20 mg/L) had low or no negative effect on cell membrane integrity
and chlorophyll content. Mukherjee et al. (2014) studied ZnO iron
doped (Fe@ZnO) ENPs toxicity in Pisum sativum (L.) analysing seed
germination, uptake, chlorophyll and H2O2 content and enzymatic
activity. No signs of necrosis, stunting, chlorosis or wilting were
found, while variations were observed concerning physiological
and biochemical responses in terms of plant growth, chlorophyll
content and induction of reactive oxygen species (ROS). Li et al.
(2015) observed that Arachis hypogaea seeds exposed to nZVI
(0.0024 and 0.0048 mg/L) produced significantly longer seedling
compared to negative controls suggesting that nanoparticles may
have penetrated the peanut seed coat increasing the water uptake
and thus stimulating germination.

This short overview indicated that phytotoxicity data about
nZVI are still scarce on macrophytes that are key direct biological
targets in case of nanoremediation activities, thus, not sufficient
for a sound environmental hazard assessment and most data are
based just on nominal concentrations. The aim of this research
was to understand the potential effect of nZVI compared to its
ionic and micro-sized form considering three well-known testing
species (Lepidium sativum, Sinapis alba and Sorghum saccharatum)
(Baudo, 2012) and four endpoints (germination, seedling elonga-
tion, germination index and biomass).
2. Materials and methods

2.1. Materials and reagents

Commercially available materials were purchased for the ex-
periments: FeCl3 �6H2O (iFe) (Sigma-Aldrich, USA), micro-sized
iron (mFe) (Aldrich Chemistry, Germany) and nano-sized zer-
ovalent iron (nFe) (American Elements, USA). Boric acid (Sigma-
Aldrich, USA) was used as reference toxicant. Concentrated HCl
(34–37%, SpA) and HNO3 (67–69%, SpA) were purchased from
Romil. All reagents used during the experiment were of analytical
grade.

Stock solutions and suspensions of 10 g/L and all treatments
including negative and positive controls were made in ultrapure
water (Zeneer Power III Human 18.3 MΩ cm). Suspensions were
sonicated for 1 h at 335 W in an ultrasonic bath (3510 MTH,
Branson) just after their gravimetric preparation. Treatment solu-
tions and suspensions were aged 72 h and manually shaken for
1 min before starting phytotoxicity tests.

2.2. Primary and secondary characterisation

Particle size distributions (hydrodynamic diameters) and zeta
potential of nFe water suspensions were measured on a Zetasizer
Nano ZS (Malvern Instruments Ltd., Malvern, UK) equipped with a
633 nm HeNe laser operating at 2570.1 °C in a back-scattering
configuration. The suspensions were analysed immediately after
their preparation and after 24 h of ageing. The analytical con-
centration was achieved by mass spectrometry with inductively
coupled plasma source (NexION 300D Perkin-Elmer, ICP-MS).
Samples for ICP-MS were treated using EPA Method 3051A (EPA,
2007). Briefly, 0.5 g of solution or suspension was weighed in a
Teflon vessel followed by the addition of 9 mL of HNO3 and 1 mL of
HCl. Samples were digested with a microwave system (MARS V
CEM) according to the following program: temperature ramp up to
175 °C in 5.5 min and maintaining this temperature for 4.5 min.
Once cooled, the samples were transferred to 50 mL polyethylene
tubes and brought to a final volume of 50 mL with ultrapure water.
The instrumental measurement of the obtained solutions was
performed in Dynamic Reaction Cell (DRC) mode using NH3 as
reaction gas and Rh at 10 mg/L was used as internal standard.

Treatments were monitored for pH and Eh at 25 °C to keep
germination condition under control (pH45) (OECD, 2006) and
evaluate the abundance and partitioning of Fe ionic species. A
solution of NaOH 3 M was used to adjust pH levels of iFe treat-
ments above this threshold.

2.3. Ecotoxicity

Phytoxicity tests were carried out according to Beltrami et al.
(1999) and OECD (2006). A battery of three macrophytes was se-
lected including two dicotyledonous (Lepidium sativum and Sinapis
alba) and one monocotyledon (Sorghum saccharatum) species
(Baudo, 2012). Certified seeds were purchased from Ecotox Ltd. (L.
sativum-lot LES290311; S. alba-lot SIA051011; S. saccharatum-lot
SOS140611). Germination (%), seedling elongation inhibition (SEI,
%), germination index (GI, %) (Beltrami et al., 1999) and inhibition
of biomass production normalised to germinated seeds (g, dry
weight) were considered as endpoints. All endpoints were as-
sessed in triplicate, otherwise explicitly indicated, including ne-
gative (ultrapure water) and positive (H3BO3) controls. The com-
mon accepted threshold level when ten seeds are exposed per
replicate in negative control is r10% (Beltrami et al., 1999; OECD,
2006). The GI can assume values greater or lower than 100%,
where a value equal to 100% means that the seedling average
length and germination rate between a specific treatment and the
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negative control are exactly the same (Baudo, 2012). If values are
between 80% and 120%, the effects are likely the negative controls,
otherwise values greater than 120% indicate biostimulation and
lower than 80% inhibition effects.

Polystyrene Petri dishes equipped with a Whatman no. 1 filter
were used as testing chambers containing 5 mL of treatment so-
lutions (iFe) or suspensions (mFe and nFe). The experimental de-
sign assessed 8 treatment solutions for iFe, and 7 suspensions for
mFe and nFe. All treatments were geometrically scaled and di-
rectly showed in results as real concentrations. Two further sus-
pensions of about 5 and 50 g/L of iFe were considered to check for
the effects of nFe concentrations used in nanoremediation activ-
ities (Grieger et al., 2010). Ten seeds were incubated per Petri dish
for 7271 h at 2571 °C in the dark. Results were acquired using a
digital camera corrected for objective distortion. The number of
germinated seeds was registered and the whole length of seedling
measured. Biomass on a dry weight basis was obtained after
drying batches of replicated seedlings at 10571 °C for 24 h
(UNE500, Memmert).

2.4. Microscopy

Fresh, unfixed tissues of L. sativum, S. alba and S. saccharatum
exposed to nZVI were observed in bright-field mode with a Leica
DM750 optical microscope coupled with a Leica ICC50 HD camera.
For high magnification optical and electron microscopy of S. sac-
charatum, 1�1 mm2 tissue samples were fixed in 3% glutar-
aldehyde in 0.1 M cacodylate buffer (CB, pH 7) for 24 h at 4 °C.
Samples were washed three times in CB and postfixed with 1%
osmium tetroxide in CB for 1 h at 4 °C. Following the removal of
secondary fixative, samples were dehydrated in a graded ethanol
series and propylene oxide. Epon-812 resin infiltration was carried
out from propylene oxide as following mixtures: 5:1 (5 h at 37 °C),
3:1 (5 h at 37 °C), 1:1 (overnight at 37 °C), 1:3 (5 h at 37 °C), and
two consecutive times with pure resin overnight at room tem-
perature. Samples were cured increasing the temperature from 37
to 60 °C during 72 h. Semi-thin sections (250 nm to 1 mm thick-
ness) were made with a glass knife on a Leica RM2265 rotary
microtome, transferred on glass slides and observed with a Leica
DMI 6000 B inverted microscope coupled to a Leica DFC360 FX
CCD camera. Ultrathin sections (�60 nm) were made with glass or
diamond knifes on RMC Powertome PC ultramicrotome and de-
posited on 200 mesh copper grids. The grids were stained for
15 min with saturated uranyl acetate in 50% ethanol and 5 min
with Reynold's lead citrate. The grids were observed with FEI
Tecnai 12 G2 electron microscope operated at 120 kV. Micrographs
were recorded on a side-mounted, Olympus Morada CCD camera
up to an instrumental magnification of 42000� .

2.5. Data analysis

Endpoints' assessment was carried out with ImageJ (Schneider
et al., 2012). Whenever possible, toxicity was expressed as EC50
along with 95% confidence limit values with parametric methods
such as linear regression. Otherwise, toxicity was expressed as
percentage of effect (%) at its relative exposure concentration.

The significance of differences between average effect values of
different experimental treatments and controls was assessed by
the analysis of variance (ANOVA) considering a significance
threshold level always set at 5%. When ANOVA revealed significant
differences among treatments, post-hoc tests were carried out
with Dunnett’s method and Tukey's test. Statistical analyses were
performed using Microsofts Excel 2013/XLSTAT©-Pro (Version 7.2,
2003, Addinsoft, Inc., Brooklyn, NY, USA).
3. Results

3.1. Physico-chemical characterisation of powders, solutions and
suspensions

Microscopy analyses of mFe and nFe (Figs. S1 and S2) revealed
that primary particle sizes were 59748 μm and 25710 nm, re-
spectively. Average hydrodynamic diameter of nFe obtained from
DLS in ultrapure water after 10 min of contact time was
289747 nm between 4.81 and 992 mg/L of nFe. After 24 h of
contact time and resuspension by handshaking for 1 min, it was
208743 nm (n¼7). Zeta-potential values were all 430 mV for
suspensions presenting a concentration greater than 34.33 mg/L.

Total iron determinations by ICP-MS showed the following
exposure concentrations: 1.2970.02, 2.2170.01, 4.970.4,
10.870.1, 28.370.3, 71.970.6, 80179 and 1750711 mg/L of iFe;
1.7170.04, 1.8670.03, 2.8470.06, 3.5470.01, 4.3170.09,
8.770.1 and 10.870.3 mg/L of mFe; 4.8170.03, 34.370.4,
11670.2, 15470.09, 32070.3, 87571, 99270.8, 2340727 and
335607153 mg/L of nFe.

The values of pH (2571 °C) were naturally between 5 and 6 for
mFe and nFe. The pH of iFe treatments were adjusted between
6 and 7 via the addition of NaOH since sub-acidic conditions
(pH45) are required for seed germination and development
(OECD, 2006). All redox potentials were slightly positive. Accord-
ing to Beverskog and Puigdomenech (1996), most of the ionic iron
was present as Fe2þ that is the most bioavailable iron form for
plants (Morrissey and Guerinot, 2009; Hasegawa et al., 2011; He
et al., 2013) and animals (Benito and Miller, 1998).

3.2. Ecotoxicity

Quality assurance and quality control procedures included both
blanks and a reference toxicant (H3BO3) for all testing species.
Negative controls were always acceptable (effect r10% of the
germination inhibition). The EC50s of the reference toxicant were
877 (869–885) mg/L, 486 (478–494) mg/L and 980 (972–988) mg/
L for L. sativum, S. alba and S. saccharatum, respectively. All values
were suitable according to Baudo (2012).

The effects on SEI, GI and biomass production inhibition re-
sulting from the exposure to iFe, mFe and nFe of L. sativum, S. alba
and S. saccharatum were summarised in Figs. 1–3, respectively.
Toxicity data were not fitted due to the absence of specific effect
trends.

3.2.1. Germination inhibition
The species most sensitive to germination was S. alba (6% un-

germinated seeds) and to a lower extent L. sativum (2%) and S.
saccharatum (2%), respectively. Effects were iFe≅mFe≅nFe for L.
sativum, iFe≅nFeomFe for S. alba, and mFeo iFeonFe for S. sac-
charatum. All results were in accordance with negative controls
(r10%).

3.2.2. Seedling elongation inhibition
According to all treatment conditions and biological models

considered, it was not possible to determine EC50 values for SEI.
Frequently, seed populations provided scattered responses about
SEI generating standard deviations exceeding the average effect
values. In L. sativum (Fig. 1), no significant differences (po0.05)
were observed within mFe and nFe treatments. The ionic iron
highest exposure concentration (1570 mg/L) showed effects
(4177%) significantly higher than all other treatments. The
maximum detected effects were 1718% at 8.74 mg/L for mFe and
29738% at 154 mg/L for nFe. It was noted that biostimulation
effects could occur whenever low toxic effects are detected, thus
increasing measurements deviations. At 33,560 mg nFe/L,



Fig. 1. Effects of iFe (☐), mFe (Ο) and nFe (Δ) on L. sativum considering seedling
elongation inhibition (SEI, %), germination index (%) and dry weight (g) normalised
on the number of germinated seeds.

Fig. 2. Effects of iFe (☐), mFe (Ο) and nFe (Δ) on S. alba (B) considering seedling
elongation inhibition (SEI, %), germination index (%) and dry weight (g) normalised
on the number of germinated seeds.
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biostimulation was of about 70% (n¼1). In S. alba (Fig. 2), no sig-
nificant differences (po0.05) were evidenced with iFe, mFe and
nFe treatments. Maximum toxic effects were 18722% at 1570 mg/
L for iFe, 27724% at 10.78 mg/L for mFe, and 28729% for nFe at
875 mg/L. At 33,560 mg nFe/L, biostimulation was of about
19714% (n¼2). In S. saccharatum (Fig. 3), no significant differ-
ences (po0.05) were evidenced amongst treatments for mFe and
nFe. For iFe, only the effects at 10.78 mg/L (�68741%) and
1570 mg/L (45724%) were significantly different. At low iFe con-
centrations, biostimulation effects were detected, whereas at
higher ones SEI was shown. All mFe exposure concentrations
showed biostimulation effects with a maximum of 59712% at
1.86 mg/L. The maximum toxic effect for nFe was 9727% at
320 mg/L, while at 33,560 mg nFe/L biostimulation was evidenced
(�13736%).



Fig. 3. Effects of iFe (☐), mFe (Ο) and nFe (Δ) on S. saccharatum considering
seedling elongation inhibition (SEI, %), germination index (%) and dry weight
(g) normalised on the number of germinated seeds.
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3.2.3. Germination index
In L. sativum (Fig. 1), no significant differences (po0.05) were

evidenced amongst treatments for mFe and nFe. Only the ionic
iron highest exposure concentration (1570 mg/L) showed a GI
significantly different (5577%) than all other treatments (98–
128%); this is the only exposure presenting adverse effects. The GI
values ranged between 101% and 113% for mFe, while between 72%
(154 mg/L) and 190% (33,560 mg/L) for nFe. Nevertheless a slight
inhibition was found at 154 mg/L of nFe, stimulation effects ap-
peared at greater treatment concentrations. Exposure scenarios
suggested the presence of effects not significantly different from
the negative controls, apart from biostimulation events associated
to nFe highest exposure levels. In S. alba (Fig. 2), no significant
differences (po0.05) were evidenced amongst treatments for iFe,
mFe and nFe. The GIs varied between 81% and 145% for iFe, 66%
and 153% for mFe, and 81% and 139% for nFe. Only for mFe,
GIo80% were observed at 2.84 mg/L (74752%) and 10.78 mg/L
(66721%). All other treatments were likely the negative controls
or presented biostimulation effects. At 33,560 mg nFe/L, the GI
evidenced the presence of biostimulation (129%), while the high-
est value of GI was obtained at 2340 mg nFe/L. In S. saccharatum
(Fig. 3), no significant differences (po0.05) were evidenced
amongst treatments for mFe and nFe. For iFe, only GIs at 10.78 mg/
L (170747%) and 1570 mg/L (55724%) were significantly differ-
ent showing inhibitory effects. GI levels ranged between 55% and
170% for iFe, 126% and 172% for mFe, and 95% and 187% for nFe. At
33,560 mg nFe/L, the GI evidenced the presence of biostimulation
(105763%), while the highest value of GI (187750%) was ob-
tained at 2340 mg nFe/L. Generally, the GI outputs were less
variable compared to SEI due to the combination of germination
and SEI data.

3.2.4. Biomass
The biomass normalised on germinated seeds in L. sativum

(Fig. 1) evidenced no significant differences (po0.05) amongst
treatments and between treatments and negative controls for iFe,
mFe and nFe except for the highest nFe concentrations. At
33,560 mg nFe/L, the generated biomass was significantly different
(po0.001) from both negative controls and treatments being
more than double. The mean biomass value was
0.002170.0004 g. In S. alba (Fig. 2), no significant differences
(po0.05) were evidenced amongst treatments and between
treatments and negative controls for iFe, mFe and nFe apart from
the following specific exposure conditions. At 33,560 mg nFe/L, the
generated biomass was significantly different (po0.01) from both
negative controls and treatments being about 25% greater. At
28.29 mg iFe/L, the biomass was significantly different (po0.01)
from the one of negative controls and 1570 mg iFe/L being about
25% lower. The mean biomass value was 0.003970.0004 g. In S.
saccharatum (Fig. 3), no significant differences were evidenced
amongst treatments and between treatments and negative con-
trols for iFe, mFe and nFe presenting a mean value of
0.027370.0015 g.

A great variability in SEI and to a lower extent in GI data was
observed for all testing species in all replicated experiments. Only
biomass data presented average coefficients of variation o20%
(19%, 10% and 5% for L. sativum, S. alba and S. saccharatum, re-
spectively). Thus, SEI and GI cannot be deemed as suitable end-
points for the considered species and targeted substances, espe-
cially for mFe and nFe. Conversely, the inhibition of the biomass
normalised to the number of germinated seeds (i.e. the same
seedlings used for SEI and GI) could be considered as an appro-
priate endpoint.

3.3. Microscopy

Bright-field optical microscopy observations were reported in
Fig. 4 for L. sativum, S. alba and S. saccharatum exposed at 992 mg
nFe/L for 72 h at 25 °C. Fig. S3 shows representative images of leaf,
shoot and root sections of S. saccharatum exposed at 992 mg nFe/L
for 72 h at 25 °C. In L. sativum, S. alba and S. saccharatum roots
(Fig. 4), black spots probably made of ferric hydroxides and nZVI
aggregates were present at most treatment concentrations as in
Ma et al. (2013). Sometimes, they assumed the shape of a coating,
like in Ma et al. (2013), especially at 2340 and 33,560 mg/L of nFe.
Probably, the test duration influenced the coating formation being
not a medium-term exposure (i.e. 4 weeks), but a short-term one



Fig. 4. Bright-field micrographs illustrating root apex of L. sativum (A) and root
longitudinal sections of S. alba (B) and S. saccharatum (C) treated with 992 mg/L of
nFe for 72 h at 25 °C. White arrows indicate nFe aggregates, while yellow ones root
hairs. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 5. DIC images of unstained, transverse sections of leaf (A), shoot (B) and root
(C) of S. saccharatum treated with 992 mg/L of nFe for 72 h at 25 °C. White arrows
indicate the presence of nFe deposits/agglomerates/precipitates.
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(72 h). No black spots were found after the exposure to iFe or mFe
treatments. Root longitudinal sections indicated for both S. alba
(Fig. 4B) and S. saccharatum (Fig. 4C) the presence of nZVI ag-
gregates, apparently, inside the tissues. In Fig. 5, the transverse
section of S. saccharatum leaf, shoot and root showed that nFe did
not enter palisade cells or xylem (tracheids and parenchyma cells)
remaining on their outer parts. The same was confirmed by TEM
(Fig. S4). All nFe aggregates were located outside the cell walls. We
found three main possible co-existing explanations for these
findings: (a) ENPs entered the root and started to be transported
upward to the shoot forming some aggregates; (b) ENPs were
formed inside the root tissues precipitating Fe2þ/Fe3þ; and (c) the
presence of ENPs was the results of a false positive due to sample
preparation. The debate about the mode of uptake of metallic ENPs
is still open as well as the mechanism of NPs formation within
plants (Taylor et al., 2014). About silver, Brassica juncea and Med-
icago sativa roots took up ions that were transformed into Ag NPs
within the plant (Harris and Bali, 2008). Some Au NPs appeared to
be able to move through the transpiration stream up to the aerial
tissues (Taylor et al., 2014) as well as transported via xylem and
phloem such as for CuO NPs (Wang et al., 2012). Other authors
evidenced the potential translocation of fullerenes (Lin et al.,
2009), CeO2 (Hong et al., 2014) and nZVI (Ma et al., 2013) in
macrophytes. Kim et al. (2014, 2015) suggested that when A.
thaliana seeds are treated with nZVI the induced OH radicals may
thin or open plant seed coat and, thus, Li et al. (2015) suspected
that nZVI could penetrate A. hypogaea seed coat increasing water
uptake promoting seedling development.

Further investigations will be necessary to understand the
ability of ENPs to directly enter plant tissues and xylem and their
translocation mechanisms to shoot and leaves. At the same time, it
will be important to strengthen the way samples for microscopy
are prepared in order to assure that false positives are avoided.
4. Generalised discussion

Results from all endpoints evidenced that nZVI at concentra-
tions used for field activities (2340 and 33,560 mg/L) was not
phytotoxic. Germination, SEI, GI and biomass did not show sig-
nificant toxic effects compared to negative controls with no ap-
parent difference in the sensitivities between dicotyledons (L. sa-
tivum and S. alba) and monocotyledon (S. saccharatum),
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nevertheless the high variability of SEI data. Conversely, biosti-
mulation phenomena frequently occurred at higher mFe and nFe
levels suggesting that iron is present in a more bioavailable form
than iFe at concentrations suitable to act as micro-nutrients like
reported by Li et al. (2015).

The pH and Eh of nFe suspensions after 72 h exposure to bio-
logical models (pH¼6.65 and Eh¼0.024 V for L. sativum; pH¼7.18
and Eh¼�0.006 V for S. alba; pH¼6.61 and Eh¼0.026 V for S.
saccharatum) still indicated the presence of Fe2þ according to
Beverskog and Puigdomenech (1996). This is in contrast with Ma
et al. (2013) results that evidenced a drastic reduction in T. latifolia
weight and shoot height after four weeks of exposure to nZVI at
1 g/L, and El-Temsah and Joner (2012) that showed a complete
germination inhibition at 1000–2000 mg/L of nZVI (nominal con-
centrations) for L. usitatissimum, L. perenne and H. vulgare. Actually,
concentrated nZVI suspensions showed high aggregation rates
that reduced the reaction surface decreasing as well their effi-
ciency and effects (Diao and Yao, 2009). Adverse effects on SEI and
GI were shown at 1570 mg iFe/L, but they did not affect the pro-
duction of biomass that was not significantly different from the
respective negative controls.
5. Conclusions

According to the considered standard endpoints (inhibition of
germination, seedling elongation, and biomass production and
germination index) and experimental scenarios, ionic iron, and
micro- and nano-sized iron particles showed no significant ad-
verse effects to L. sativum, S. alba and S. saccharatum. Neither nZVI
field exposure concentrations (2340727 mg/L and
33,5607153 mg/L) evidenced adverse effects significantly differ-
ent from negative controls. Moderate biostimulation was observed
at the most concentrated treatments especially for micro- and
nano-sized iron. The exposure of nZVI to S. saccharatum high-
lighted potential uptake phenomena and macroscopic findings
such as black spots and coatings in roots. Further investigations
are necessary to understand their nature (i.e. nano- or micro-sized
composition) as well as the uptake mechanisms and the potenti-
ality for species-specific effects. The safety of nZVI should be as-
certained also with medium- and long-term exposure assays to
check if an excess of nZVI may compete with other essential ele-
ments limiting their bioavailability and causing stress phenomena
to the target organisms.
Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.ecoenv.2015.07.
024.
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